We present a hybrid approach that combines top-down fabrication with bottom-up directed assembly for making single-walled carbon nanotube (SWNT) based three-dimensional interconnects. The SWNTs are assembled using dielectrophoresis at room temperature on a microfabricated 3D platform. The two-terminal resistance of the assembled SWNTs at 10 Vpp assembly voltage is approximately 545 . Simulation of the dielectrophoretic assembly is carried out to understand the behavior of the SWNTs during assembly. Encapsulation of these devices using a conformal pinhole-free parylene layer resulted in a decrease of the total resistance.
Introduction
Carbon nanotubes (CNTs) have many advantages such as large aspect ratio, high current carrying capacity and superior thermal properties [1] . CNTs are currently being investigated as potential candidates [2] for the replacement of metallic interconnects in future complementary metal oxide semiconductor (CMOS) electronics as well as future nonsilicon-based nanoelectronics. Fabrication of these CNTbased nanoelectronic architecture requires developing new methodologies and techniques that can arrange nanotubes in the proper positions and desired formations. Several techniques have been developed to address this issue on a planar substrate including direct growth [3] [4] [5] , magnetic [6] , 4 These authors contributed equally. 5 Author to whom any correspondence should be addressed. chemistry-based [7] or electric-field [8] assisted assembly. However, realization of a truly 3D interconnect based on conventional CMOS technology is hindered by fabricationrelated challenges. The only approach that has been explored up to now for the integration of nanotubes into threedimensional architectures is to grow them vertically using chemical vapor deposition (CVD). The CVD-based nanotube growth process uses catalysts deposited either on a buried electrode [9] or directly on metal electrodes [10] . However, this CVD-based approach to grow nanotubes on CMOS electronics for interconnects is limited by high processing temperatures (>500
• C) and nonselectivity to nanotube types [11] (metallic or semiconducting). Fabrication of an ideal interconnect architecture would require processes that can selectively place metallic SWNTs at room temperatures.
Recently Krupke et al [12] and Mureau et al [13] demonstrated that it is possible to selectively assemble metallic SWNTs from a solution containing a mixture of metallic and semiconducting SWNTs using dielectrophoresis by exploiting the difference in dielectric constant between the two types of SWNTs with respect to the solvent. In addition, dielectrophoretic assembly is appealing because of its ability to manipulate massive arrays [14] of neutrally charged microscale and nanoscale objects at room temperature. In this paper we present a hybrid technique combining both bottomup dielectrophoresis and top-down microfabrication techniques to enable room temperature integration of SWNTs into threedimensional architectures.
Experimental details
The 3D platform was fabricated using optical lithography. The process steps involved in the fabrication of the platform and the assembly of the SWNTs are shown in figure 1 . A 0.5 μm thick isolation oxide layer is thermally grown on a silicon substrate followed by the deposition and patterning of the first metal layer (Cr/Au-175Å/1500Å) using a lift-off process ( figure 1(A) ). Then, a thin (0.7 μm) conformal parylene-C dielectric layer is deposited on the substrate at room temperature. The second metal layer (Cr/Au-175Å/1500Å) is next deposited and patterned using a lift-off process ( figure 1(B) ). The two metal layers serve as the electrodes for the 3D assembly of SWNTs. Finally, using the second metal layer as a mask, the parylene-C layer is etched by oxygen plasma. Following the fabrication, the SWNTs were assembled utilizing dielectrophoresis between the top and bottom electrodes. Commercially available aqueous suspension of highly purified HIPCo-grown SWNTs with a concentration of 0.1 g ml −1 were used in our experiments. The average diameter of the SWNTs used is about 2 nm with an average length of 3 μm. The aqueous solution was further diluted to 0.001 g ml −1 using deionized water and ammonium hydroxide was added to adjust the pH level to 8. Ammonium hydroxide is added in order to stabilize the pH, while still maintaining a low conductivity value. Low conductivity is desirable as it enhances the DEP effect [15] . All assembly experiments were conducted at a frequency of 10 MHz [16] , while the AC voltage between the top electrode and the bottom electrode was varied from 1 to 10 Vpp. First the power supply is turned on and 2-3 μl of the SWNT suspension was placed over the electrodes. After 30 s of assembly, the solution was blow-dried with 5 psi nitrogen. The power supply was subsequently turned off and successful assembly of SWNTs was confirmed first by continuity measurements between the electrodes and then by scanning electron microscopy (SEM) imaging. Following assembly we encapsulated the 3D SWNT architecture with a parylene-C layer. A third mask is then used to open contacts on the top parylene layer to enable electrical measurements.
Results
SEM images of the assembled SWNTs are shown in figure 2 . Well organized, parallel arrays of SWNT bundles are assembled between the top and the bottom electrodes. Figure 2 (A) is an oblique SEM image of the selectively assembled SWNTs architecture. The images show that all the assembled SWNTs ( figure 2(B) ) are inclined at a specific angle to the surface. The experiments were also performed on multiple electrode structures connected to each other. The SEM micrographs show that the density of SWNTs assembled is uniformly distributed on all the fingers (figure 3), demonstrating the scalability of our assembly technique. Nanotubes were assembled around the edges of the tip of the top electrode. The distribution of the SWNTs along the edges of the top electrode is uniform. The I -V characteristics (figure 4) of the assembled SWNT bundles demonstrated a linear behavior indicating the presence of an ohmic contact at the nanotube-metal interface. We measured two-terminal resistance values as low as 545 between the two electrodes when assembling using an applied voltage of 10 Vpp. The density of the assembled nanotubes is proportional to the applied voltage [17, 18] . When the voltage between the electrodes was increased more nanotubes were assembled around the edges of the tip of the electrode. The thicker bundle size of the assembled SWNTs could have been possibly caused by an increase in applied voltage. Boote et al [31] has observed a similar behavior when the number of nanowires assembled increased with an increase in applied voltage. The measured resistances of our 3D SWNT interconnect are comparable to those reported [19, 20] for 2D SWNT architectures. The total resistance measured consists of the actual resistance of SWNTs, the contact resistances arising from probe-to-contact pad resistance and electrode-to-SWNT contact resistance.
When the assembled SWNTs are encapsulated with a parylene layer, they continue to demonstrate a linear behavior but with a lower total resistance (∼380 at 10 Vpp) compared to the 3D SWNT architecture without the top parylene layer. The parylene encapsulation layer acts as a protective barrier and also improves the two-terminal contact resistance of the 3D nanobridge. Carbon nanotubes are highly sensitive to a broad class of chemical vapors [32, 33] . Accordingly, to isolate the CNTs from the environment and also to prevent contamination we have encapsulated them with a thin and conformal parylene-C layer. Furthermore, the deposition of the top parylene layer secures the position of the CNTs and possibly presses them against the Au metal electrodes which improve contact resistance between the metal and the CNTs. It is also likely that the parylene encapsulation increases the number of CNTs contacting the Au metal and hence improves the two-terminal resistance of the structure.
Discussion
To gain a better understanding of the motion of the SWNTs during dielectrophoretic assembly process, we used FEMLAB multi-physics software (COMSOL) to simulate the electric field around the microfabricated platform and the field influence on the nanotube trapping. We used a 2D model to understand the effect of DEP force and viscous drag on the movement of the SWNT during assembly. The electrical properties of the medium and object, the object size and shape as well as the frequency of the electric field, determines the strength of the dielectrophoretic force. The dielectrophoretic force acting on the nanotube strongly depends on the configuration of the geometry and can be calculated using the following expression [21, 22] :
where l and r are the length and radius of the rod-like particle, ε m is the real permittivity of the suspending medium, E rms is the root mean square (rms) of the electric field and K (ω) is the Clausius-Mosotti factor. ε * p and ε * m are the complex permittivity of the rod-like particle and the suspending medium, respectively. Here ε * = ε − i(σ/ω), where i = √ −1, ε is the real permittivity and σ is the conductivity of the material. ε is a material property and can be written as a product of the relative permittivity of the material and permittivity of free space ε 0 . The value of real permittivity ε for SWNTs varies from unity to infinity depending on whether the tube is metallic or semiconducting [23] [24] [25] . For example, in Dimaki's work [22] , the permittivity of s-SWNTs was assumed as 2.5ε 0 . The conductivity of the semiconducting SWNT (s-SWNT) and metallic SWNT (m-SWNT) is reported in the literature to be 10 5 Sm −1 and 10 8 Sm −1 , respectively [26] [27] [28] . The buffer solution is DI-water-based and the conductivity is controlled by adding ammonia. As a result, the medium dielectric property and conductivity is 80 and 40 μS, respectively. With these conditions our calculations revealed that a single s-SWNT experiences a negative DEP force while a single m-SWNT experiences a positive DEP force. In our simulation, we considered m-SWNTs only. However, during assembly, SWNT bundles with a mixture of both types of nanotubes could be assembled. To theoretically determine the trajectories of the nanotubes is difficult because of the electroorientation caused by the torque on the rod-like objects. Such a torque acting on a nanotube can be calculated as [29, 30] 
A previously described 3D model has simulated the nanotube trajectories by considering the flow and thermal effect [22] . However, the actual rotation of the nanotube is not included to accurately represent the complex behavior in a multi-physics environment. The actual nanotube behavior under different forces and torques is complex. One has to consider the trajectories of the barycenter of a nanotube and the rotation at the same time. In a finite element calculation, we can address such a problem by assuming that the nanotube moves with a fixed initial angle within a small time step. The actual angle after this first step can be calculated based on the torque equation, and can be used as the initial angle for the second step movement. We have utilized a simple approach to simulate the trajectories of rod-like particles in a very short time domain. The following equations can be used to describe such transport behaviors:
where m o represents the mass of an nanoscale object, x o is the object coordinate in a 2D plane, x o is the velocity of the object and x o is the acceleration of the object. As a first step, a simplified model without considering the effect due to nanotube rotation is shown in figures 5a and 5b. In the real situation, the torque rotates the SWNT to align its long axis along the electric field as the nanotubes move through the solution following the predicted trajectory.
In conclusion, we have developed a room temperature technique that utilizes a hybrid approach combining micro-fabrication and dielectrophoresis to make SWNT-based threedimensional interconnects. The two-terminal resistance of this 3D SWNT architecture resulted in a low resistance comparable to those reported for 2D SWNT architectures. We have used a parylene layer to encapsulate the SWNT bridge to protect it from the environment. Encapsulating the SWNT bridge with a parylene layer also improved the SWNT-metal contact resistance. This ability to integrate carbon nanotubes in a threedimensional structure using a room temperature process without a catalyst would be of significant value to nanoelectronics. This technique can be extended to multi-walled carbon nanotubes (MWNTs) and nanowires with direct applications in 3D interconnects, 3D nano-electromechanical systems, and for inline characterization of manufactured nanomaterials.
